During growth of high-cell-density cultures of Escherichia coli, overproduction of recombinant proteins often results in increased stress response, cell filamentation, and growth cessation. Filamentation of cells consequently lowers final achievable cell concentration and productivity of the target protein. Reported here is a methodology that should prove useful for the enhancement of cell growth and protein productivity by the suppression of cell filamentation. By the coexpression of the E. coli ftsA and ftsZ genes, which encode key proteins in cell division, growth of recombinant strains as well as production of human leptin and human insulin-like growth factor I was improved. Observation of cell morphology revealed that the coexpression of the ftsA and ftsZ genes successfully suppressed filamentation caused by the accumulation of recombinant proteins.
Escherichia coli has been the workhorse for the production of recombinant proteins because of fast growth, well-known genetic characteristics, and the availability of various tools for gene expression (9) . In general, experiments for the overproduction of recombinant proteins begin by the cloning of a gene for the desired protein into a multicopy plasmid under the control of a strong inducible promoter. This approach has been successful in producing large amounts of some proteins but has often resulted in slow growth, increased stress response, and eventually cessation of growth (5, 13) . One of the frequent observations during the recombinant protein production in E. coli is that of the filamentation of cells. Cell filamentation causes a reduction in growth rate or no further cell division, which results in low cell concentration and low productivity of the target proteins.
Cell division in E. coli is a complex process that requires temporal and spatial coordination of the activities of multiple gene products. At least nine proteins, FtsZ, FtsA, FtsI (PBP3), FtsK, FtsL, FtsN, FtsQ, FtsW, and ZipA, have been shown to be essential components during division process (4) . Among these, FtsZ plays a key role, as it initiates cell division by forming a ring-like structure and invaginating the cell wall circumferentially at the prospective division site (11) . The E. coli mutant lacking the ftsZ gene was shown to undergo severe filamentation, which can be suppressed by the overexpression of the ftsZ gene (1, 2). However, it should be noted that overexpression of the ftsZ gene can also cause severe cell filamentation or the formation of minicells (14) . We also obtained similar results showing that cells underwent filamentation when the ftsZ gene only was coexpressed in recombinant E. coli producing human leptin (data not shown). Some evidence exists that for proper cell division, the fts gene products must be present at appropriate levels (2, 3) . In particular, the proper ratio of FtsA to FtsZ (1:100) is required for active cell division. Increase or decrease of this ratio can lead to inhibition of the division process (2). We constructed a plasmid, pACfAZ2, that constitutively coexpresses both the E. coli ftsA and ftsZ genes. Recombinant E. coli strains overproducing human leptin and insulin-like growth factor I (IGF-I) were transformed with pACfAZ2 and were subsequently examined for their growth and protein production during high-cell-density cultivation (HCDC).
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 . E. coli XL1-Blue was used as a host strain for the cloning and maintenance of plasmids. E. coli TG1 and W3110 were used for the production of human leptin and human IGF-I fusion protein, respectively.
Gene manipulation. For the construction of a plasmid coexpressing the E. coli ftsA and ftsZ genes, both genes were amplified from E. coli W3110 chromosomal DNA by PCR as follows: the forward primer 5Ј-GGCGGGGATCCTTTTCCT GCTG-3Ј and the reverse primer 5Ј-GGGACTGCAGATAT TCGATATCACGC-3Ј were designed to contain BamHI and PstI sites, respectively (underlined). The PCR product digested with BamHI and PstI was cloned into pACYC177 to yield pACfAZ2, in which the ftsA and ftsZ genes are expressed from their own constitutive promoters. For the production of human leptin, plasmid pTrpAObT was constructed as follows: pEDOb5 was digested with XbaI and EcoRI, and the fragment containing the human obese gene, which encodes the human leptin, was cloned into pUC18. The resulting plasmid, p18Ob5, was digested with BamHI and HindIII and was cloned into the downstream region of the trp promoter in pRL22 to yield pRLOb5. The SspI-BamHI fragment of pRLOb5 containing the trp promoter and the obese gene was cloned into pTrc99A digested with PvuII and BamHI to yield pTrpAObT. For the inducible expression of human IGF-I fusion protein, plasmid pYKM-I1 was used. In this plasmid, the IGF-I gene fused to the end of a truncated ␤-galactosidase (163 amino acids) gene is expressed from the inducible tac promoter. For the production of leptin in E. coli TG1 the seed culture was transferred into the fermentor, which contained 1.8 liters of R/2 medium (6) plus 20 g of glucose/liter and 2 g of yeast extract/liter. Culture pH was maintained at 6.8, except for the periods of pH rise following glucose depletion, by the addition of 16.5 M NH 4 OH. The dissolved oxygen concentration was controlled at 40% of air saturation by automatically increasing the agitation speed up to 1,000 rpm and by the change of pure-oxygen percentage. Nutrient feeding solution containing 700 g of glucose/liter and 20 g of MgSO 4 7H 2 O/liter was added according to the pH-stat (with high limit) feeding strategy (9) . When the pH rose to a value greater by 0.08 than that of its set point (6.8) due to the depletion of glucose, the appropriate volume of the feeding solution was automatically added to increase the glucose concentration in the culture broth to 0.7 g/liter. Expression of the obese gene was automatically induced by the depletion of tryptophan in the initial medium without the addition of any inducer, such as 3-␤-indoleacrylic acid. For the production of IGF-I fusion protein in E. coli W3110, growth of the pH-stat fed-batch cultures was carried out as described above with the following changes. Seed culture was transferred into the fermentor, which contained 1.8 liters of R/2 medium plus 20 g of glycerol/liter and 2 g of yeast extract/ liter. Nutrient feeding solution containing 500 g of glycerol/ liter, 50 g of yeast extract/liter, and 20 g of MgSO 4 7H 2 O/liter was added according to the pH-stat feeding strategy described above. Expression of the ␤-galactosidase-IGF-I fusion gene was induced at an optical density at 600 nm (OD 600 ) of 30 by the addition of isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma Chemical Co., St. Louis, Mo.) to a concentration of 1 mM. Ampicillin and kanamycin were added at concentrations of 50 and 25 mg/liter, respectively, depending on the plasmids employed.
Analytical methods. Cell growth was monitored by measuring absorbance at OD 600 . Dry cell weight (DCW) (in grams per liter) was determined as described previously (10) . Protein samples were analyzed by electrophoresis on a sodium dodecyl sulfate-12% (wt/vol) polyacrylamide electrophoresis gel (8). The protein bands were visualized with Coomassie brilliant blue stain. The contents of leptin and IGF-I in total protein were quantified with a GS710 calibrated imaging densitometer (Bio-Rad, Hercules, Calif.), and the total protein concentration was determined with a Bio-Rad protein assay kit with bovine serum albumin as a standard. The concentrations of leptin and IGF-I produced during growth of the fed-batch cultures were calculated from the total protein concentration, and the content was determined by densitometric scanning. The morphologies of cells were observed by phase-contrast microscopy (OPTIPHOT-2; Nikon Co., Tokyo, Japan). Effect of ftsA and ftsZ coexpression on leptin production. First, the effect of coexpression of the ftsA and ftsZ genes on human leptin production was examined. The pH-stat fed-batch cultures of E. coli TG1 harboring pTrpAObT and E. coli TG1 harboring pTrpAObT and pACfAZ2 were carried out. In the fed-batch culture of E. coli TG1 harboring pTrpAObT (Fig.  1A) , the specific growth rate was 0.10 h Ϫ1 . The maximum cell concentration of 17.5 g of DCW/liter was obtained in 29 h. Leptin was actively produced from 21 h, and the leptin content reached 12.5% of total protein (1.05 g of leptin/liter) at 27 h and then decreased. The volumetric productivity of leptin was 0.04 g/liter/h. Cells were normal at the beginning of the culture ( Fig. 2A) but underwent filamentation after the accumulation of recombinant leptin (Fig. 2B) . In the fed-batch culture of E. coli TG1 harboring pTrpAObT and pACfAZ2 (Fig. 1B) , the specific growth rate was 0.13 h Ϫ1 . The maximum cell concentration of 27.5 g of DCW/liter was obtained in 29 h. Active production of human leptin started at 16 h, which was earlier than that observed without the coexpression of the fts genes. Leptin concentration and content reached 2.38 g of leptin/liter and 17.3% of total protein, respectively, at 29 h. The volumetric productivity of leptin was 0.08 g/liter/h. Cells maintained normal shape and length even though larger leptin inclusion bodies were accumulated (Fig. 2C and D) . Therefore, it can be concluded that the coexpression of the ftsA and ftsZ genes increased both the specific growth rate of recombinant E. coli (1.3-fold) and the volumetric productivity of leptin (2-fold).
Effect of ftsA and ftsZ coexpression on IGF-I fusion protein production. To examine whether this strategy can also be applied to other expression and fermentation systems, growth of fed-batch cultures of another recombinant E. coli strain was carried out for the production of IGF-I fusion protein under the control of the tac promoter with glycerol as a carbon source. Again, the control strain E. coli W3110 harboring pYKM-I1 was compared with E. coli W3110 harboring pYKM-I1 and pACfAZ2. In both cultures, cells were induced with 1 mM IPTG at an OD 600 of 30, which resulted in the accumulation of IGF-I fusion protein as inclusion bodies. In the fed-batch culture of E. coli W3110 harboring pYKM-I1 (Fig. 3A) , the specific growth rate was 0.18 h Ϫ1 and the maximum cell concentration was 46.5 g of DCW/liter at 20 h. The IGF-I fusion protein content reached 10.5% of total protein at 8 h after induction, and the maximum IGF-I fusion protein concentration of 2.31 g of IGF-I fusion protein/liter was obtained after 2 more hours. The volumetric productivity of (Fig. 3B) , the specific growth rate was 0.23 h Ϫ1 and the maximum cell concentration was 56.3 g of DCW/liter at 20 h. The content and maximum concentration of IGF-I fusion protein reached 13.5% of the total proteins and 3.6 g/liter, respectively, at 8 h after induction. The volumetric productivity of IGF-I fusion protein was 0.45 g/liter/h. As in the case of the leptin production described earlier, the coexpression of the ftsA and ftsZ genes increased both the specific growth rate (1.3-fold) and volumetric productivity (1.9-fold) of IGF-I fusion protein. In 2 h after induction, the morphologies of the cells were similar in both cultures ( Fig. 4A and C) . After the accumulation of IGF-I fusion protein (8 h after induction), cells without the fts coexpression system underwent severe filamentation (Fig. 4B) , which was suppressed by the coexpression of the ftsA and ftsZ genes (Fig. 4D) . From these results obtained in two separate expression and fermentation systems, it can be concluded that the coexpression of the ftsA and ftsZ genes can suppress cell filamentation during protein overproduction and consequently enhance cell growth and protein productivity.
In conclusion, we report a novel methodology for suppressing cell filamentation that should prove useful for the enhancement of cell growth and productivity of recombinant proteins. The primary goal of HCDC is the cost-effective production of desired product by achieving higher volumetric productivity. Reduced growth rate and lower protein productivity have been the typical problems observed during HCDC. Since most industrial processes for the production of recombinant proteins involve HCDC, the strategy of suppressing cell filamentation by the coexpression of the essential cell division proteins (FtsA and FtsZ) as demonstrated in this paper should prove useful for the enhanced production of recombinant proteins by HCDC. 
